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EXPERIMENTS ON A PERWNENT-MAGNET, COMPLETELY RAD IABION -(ZOOLED 
MAGNETOPLASMADYNAMIC ARC THRUSTER 
by Al lan R. Bishop 
Lewis Research Center 
Tests of the first completely radiation-cooled mult&ilowatt magnetoplasm~dprlarrnc 
a r c  a r e  reported. It was constructed by integrating a permanent magnet with laan exist- 
ing radiation-cooled anode-cathode assembly. The resulting thruster was successfclly 
operated to an a r e  power of 27 kW while an acceptable maximum magnet temperarsk-e ol: 
835 K was maintained. The total thruster specific mass  was 2/3 kg/kW. The t h r ~ ~ s t e r  
efficiency was somewhat lower (11 a s  opposed to 14 percent a t  1000-see specific :-n- 
pulse) than the best previously reported performance for a similar thruster with 2 
water-cooled electromagnet. 
INTRODUCTION 
Before magnetoplasmadynamic (MPD) thrusters can be effectively used in flight 
missions a completely radiation-cooled thruster must be developed. A thruster VIII~!? a 
radiation-cooled anode and a water-cooled electromagnet has been developed under 
NASA contract (ref. 1). Tests in the vacuum facilities at  the Lewis Research Cer,uer si 
pressures of torr  were reported in reference 2. After these tests  the electro- 
magnet of the thruster was replaced by a permanent magnet, which made the tl~irualer 
completely radiation-cooled. The results of both thermal and performance tests ;.we 
given in this report. 
A radiation-cooled thruster requires fairly high temperatures (2000 K) in  same 
parts of the thruster for efficient radiative cooling. However, the residual magmetic 
field of a permanent magnet is seriously reduced by elevated temperatures. The amocnt 
and permanence of the magnetic field reduction depend on the magnet material, the 
maximum magnet temperature, and the length of time the magnet is held at  that temper-- 
ature. The Curie temperature, where all residual magnetic field disappears becsuse sf 
eryssa,  cilarge, is the limiting case of such a magnetic-field reduction. If a permanent 
-1agn.e~ 3s held for  severa l  days at a temperature below the Curie temperature but above 
zcme :?i~jcal temperature,  the crystal  s t ructure will slowly change and the residual  
rag;-ne,,A~eld will be reduced. Since it is anticipated that MPD a r c  thrus te rs  will be 
cperaliod continuously for long periods, the cr i t ical  temperature for  this  effect is an 
upper ~ r r i t  on the allowable magnet temperature.  Fo r  the Columax 9 mater ia l  used in 
li?c;?se kxperiments, the cr i t ical  temperature is approximately 823 K (ref. 3). 
'ir zddition t o  the permanent losses  in residual  field, a permanent magnet may have 
reaer:srble or recoverable losses .  If a newly cast  and magnetized bar  of Columax 9 is 
c.~-cle:i several  t imes  to  approximately 800 K, it will lose about 10 percent of its initial 
held (rzf S ) .  Most of this  loss  can be recovered by remagnetizing at room tempera- 
ks't tile recovered field will again be lost when the temperature of the magnet is 
n axsed in addition, the magnetic field at 800 M will be approfimately 12 percent lower 
Inan h,ne stable field at room temperature (ref.  3) .  This  reduction in  magnetic field is 
recobjs?:ed as the temperature is lowered. 
3;;;il.e reductions in  the residual magnetic field of the permanent magnet were noted 
curing :ne experiments reported herein, no attempt was made t o  separate  the various 
effecl;,~ mentioned previously. A temperature of approximately 823 K was s e t  as the 
rcmlnzA. I, pper limit on magnet operating temperature.  
APPARATUS AND PROCEDURE 
Tie permanent magnet thruster  is shown in figure I. The magnet is assembled 
fra9a; Clcharnax 9 material .  The inner pieces a r e  three hollow Columax cylinders with 
a;: i2srAe daameter of 2 . 7  em and an  outside diameter of 5 . 4  em.  Surrounding these 
a;,-Ecd~rs are four layers  of bar  magnets, a l so  Columax, each approximately 0.70 cm 
I ?ick 1 ig. l (b ) ) .  The total  length of the magnet is 15 .2  em.  The components of the 
rnagze, are  held together with three hose clamps (fig. I@)) .  The m a s s  of the permanent 
fi9.lagn.e: ~nc'iuding clamps is 8.87 kg. The  m a s s  of the cathode-anode assembly is 
9,24 kg. s o  that the total  thruster  m a s s  is 18 .1  kg. This  figure does not include the 
mass 9f the copper thermal  shield discussed in  the section RESULTS AND DISCUSSION, 
nor ~ C O S  it include the m a s s  of the mounting stand shown in  the photographs. 
Nc, attempt was made to  optimize the magnet geometry. Rather, Columax 9 rnater- 
5al purchased previously for  another experiment was used, and the geometry which was 
most compatible with the McDonnell-Douglas X-7 thrus te r  was selected. The thrus te r  
perfosxance would probably be improved by using a permanent magnet with a more  
o p t h  ~ r n  ge3m e t ry  . 
All tes ts  were conducted in a 15-ft-diameter, 65-ft-long vacuum tank. The h c k -  
ground tank pressure was approximately 2 ~ 1 0 - ~  to r r .  During performance tests the  
propellant (ammonia) mass-flow ra te  was measured with small  sonic orifices, and the 
thrust was measured using a parallelogram-pendulum thrust stand, with a steel bceket 
or ""lust ki l lervs to momentarily block the directed energy of the beam. The method 
of making these measurements is described in detail in reference 2. 
During the assembly of the engine, two thermocouples were placed on the Imag~Pea;. 
They a r e  marked A and B in figure l(b) .  Thermocouple A is on the front face (of tne 
magnet 1 .9  em from the centerline, and B is on the internal wall of the magnet "a 16 cmL 
from the end. Both thermocouples a r e  between the magnet surface and the thermal. ~ n -  
sulation adjacent to the magnet (fig. l (b)) .  
After the magnet was assembled to the thruster,  the initial magnetic field strerigti- 
was 0.080 T a t  the cathode tip. 
RESULTS AND DISCUSSION 
During the first run the electrical power to the thruster a r c  was increased f r o m  
1 12 to 20 kVV. After Z2 hr of operation the temperature at thermocouple A had reached 
115 K and was still increasing. The temperature a t  B was 620 K and increasing. The 
hruster was shut off because of the excessive temperature a t  A, considerably abcge 
he desirable value of 823 K. The residual magnetic field after this run was O 079 T 
t the cathode tip. 
During a second run the electrical power to the thruster a r c  was increased to  15 kW 
1 
,nd then reduced to 12 kW. After 32  hr of operation the temperature a t  A Ahad reached 
J55 K and was still increasing slowly. The temperature a t  B was 630 K and iacreasing. 
The thruster was shut off because of the excessive temperature a t  A. 
During these two runs the a r c  voltage was approximately 41 V, which is typic21 for 
an MPD a r c  thruster operating in the low-voltage mode with ammonia propellart 
(ref. 4). The ammonia flow rate was 0.06 g/sec. 
The long thermal delay time in these first two runs indicated that the thermal ic- 
sulation of the magnet was adequate. The thermal conduction of the magnet war; appas- 
ently too small  and led to large temperature gradients within the magnet and .very ]tittle 
effective radiation over large a reas  of the magnet. The poor thermal condarePivikJ- of 
the magnet was probably due to its compound structure. 
To overcome this difficulty a copper shield o r  " c a n ' b a s  added to  the magnet 
assembly, a s  shown in figure 2, to increase thermal conductivity and radiation surface 
a t  the high-temperature location. The shield consists of a circular copper plate 
0.635 em thick and 11.4 cm in diameter and a cylindrical s t r ip  0 .3  18 ern thick acd 
5. 38 cr? wide welded to the outer circumference of the copper disk. This shield was 
placed between the thruster and the magnet (fig. 2(b)). 
Dlris,g installation of the copper shield additional thermocouples (C! to B) were 
nraxtalled on the magnet, a s  shown in figure 2(b). Thermocouple A is on the copper 
sxeld ,  B is at the same location a s  on the other thruster, on the internal surface of the 
.magne L T hermocouple C! is on the steel mounting plate of the engine, so  that the dif - 
'cerQ,.- L I , L ~  between A and G is the temperature drop across the thermal insulation; D is 
inside the magnet, in the third layer of bar magnets; E is on the outside surface of the 
xagnast near the center; F is on the outside surface of the magnet at  the corner under 
eke copper shield; G is on the outside surface of the magnet at  the corner of the rea r  
face g and iR i s  on the rea r  steel mounting plate, 6 em from the center line. 
Aiter the magnet, copper shield, and thruster were reassembled, the magnetic 
9eld at She cathode Lip was 0.053 T. 
'She test runs performed after the addition of the copper shield clearly show a r e -  
&:-,%ion in the operating temperature of the magnet. Table 1 shows the steady-state 
.j;empe:~-attses of thermocouples A and C a s  a function of input power to the a rc .  Ther- 
P O C O U ~ ~  A is on the copper shield and represents the maximum temperature of any 
pxnC ir the magnet. At 16 kW a r c  power the maximum magnet temperature was 750 K. 
,At 2'6 4aMJ arc power the maximum magnet temperature was 835 M. During these tests  
the ea.P voltage varied from 41 to 39 V a s  the a r c  power was increased from 16 to 27 kW. 
TPe acxonzia flow rate was 0.06 g/sec. The steady-state temperature distribution 
wi.'thin ",he magnet is shown in table 11, for an a r c  power of 16 kW. 
3 ;lias noted while taking the data in table II that approximately 2 hours were r e  - 
quired lor the tlhruster to reach equilibrium temperature, and an additional 2 hr, for a 
total cZ 4 hr, were required before the magnet came to an equilibrium temperature. 
AFler t he  thermal tests  on the thruster and magnet, the magnetic field at  the cathode 
sip has3 ;lot changed, but remained a t  0.053 T. The thruster was disassembled, the 
magcer remagnetized, and the thruster reassembled. This procedure raised the mag- 
n e t ~ ~  B eld a& the cathode tip to 0.0635 T .  
A 9er:Formance test of the thruster, again using ammonia propellant, was made at 
t h i s  increased magnetic field, and the results a r e  shown in figure 3. The a r c  power is 
held co~staant at approximately 24 kW, and the thrust plotted a s  a function of propellant 
mass-flow rate. Figure 4 shows the corresponding efficiency as a function of specific 
i l ~ p u l s ~  and compares it with the performance (ref. 2) of a similar thruster with a 
water -- zooled electromagnetic. 
F1.e th r~s t  efficiency is defined a s  
where T is thrust, m is the mass-flow rate, and Pa is the power supplied ro il~e are, 
Figure 4 shows that the permanent-magnet thruster performance is somewhat lloiiver 
than the best previous performance of a similar thruster with a water-cooled elec-kro- 
magnet. This difference may be due to differences in the temperature in the .reg,o!a of 
the cathode. 
During the performance tests on the permanent-magnet thruster the magnetic field 
a t  the cathode tip was approximately 0.06 T, compared to approximately 0.14 T Por the 
data of reference 2. In addition, the divergence of the permanent magnet field was 
lower than that of the electromagnet. A crude measure of the magnetic-field divcrgee~ce 
is given by the ratio 
where B1 is the axial magnetic field at the cathode tip, and B2 is the axial! magnetic 
field a t  the center of the exit plane. The value of this parameter was 0.75 for the per - 
rnanent magnet and 1 .0  for the electromagnet. 
The water used for cooling the electromagnet also lowers the temperatwe of other 
components, particularly those in the region of the cathode. When the permanem mag- 
net is used, the temperature in this area  is much higher, perhaps an additional 430 to 
500 K. What effect this has on the arc,  the plasma, and the performance is ~ 8 = ~ a w n .  
The thruster components used in the permanent-magnet thruster were previcuslg 
used in other tests and were noticeably worn before installation with the peraanent 
magnet. While this did not affect the thermal tests  of the permanent magnet, the  geom- 
etry changes may have had some effect on thruster performance. 
Any one of these effects, or  some combination of them, may be the reason fcr "he 
change in thrust efficiency. 
After the performance test the magnetic field at the cathode tip was 0.062 T, that 
is, was reduced by 0.0015 T. 
CONCLUSIONS 
Tests have shown that a magnetoplasmadynamic a r c  thruster operating on m.moniia 
and with a permanent magnet can be completely radiation-cooled to magnet tempera- 
tures less than 835 K a t  power levels less than 27 kW. Thermally insulating layers ana 
a copper radiator were necessary because of the low thermal conductivity of the corn- 
pound magnet used. The maximum magnet temperature was 800 K at  23.5 kVq and 
~ ~ c ~ e a s e d  only 35 K when the a r c  power was ra i sed  t o  27.0 kW. The thrust  efficiency 
as G, 06 g/sec m a s s  flow was 11 percent, compared t o  14  percent for  the same thruster  
opcrati~cg w i t h  a water-cooled electromagnet. 
Lewis Rssearch Center, 
Na%-cnal. Aeronautics and Space Administration, 
Cde-veland, Ohio, June 24, 1971, 
120-26. 
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Arc power, 
k W 
TABLE I. - TEMPERATURES AT VARIOUS LOCATIONS ON OPERATING MPD 
THRUSTER AS FUNCTION OF ARC POWER 
Thruster temperature a t  Magnet temperature with 
thermocouple C, copper shield, 
K 
I Thermocouple A Thermocouple B 
Magnet temperarure wi  'hcut 
copper shleld, 
K 
Thermocouple A TherrnL,codpli 3 1 
TABLE 11. - TEMPERATURE 
DISTRIBUTION IN MAGNET 
AT 16-kW ARC POWER 
a ~ e e  fig. 2(b). 
Thermocouple 
(a 
A 
B 
C 
D 
E 
F 
G 
H 
Temperature, 
K 
750 
530 
1100 
590 
555 
53 0 
625 
555 
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Figure 1. - Permanent-magnet, radiation-cooled MPD arc thruster .  
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(b) Schematic diagram, showing location of thermocouples and heat shield. 
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Figure 2. - Permanent-magnet, radiation-cooled MPD arc th rus te r  wi th  copper heat shieid aaeeo 
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Figure 3. - Thrus t  as funct ion of mass-flow rate for permanent- 
magnet radiation-cooled engine. A r c  power, 24 kW; pro- 
pellant, ammonia. 
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Figure 4. - Comparison of t h r u s t  efficiency 
as a func t ion  of specific impulse for a 
permanent magnet th rus ter  and electro- 
magnet thruster.  
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